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and 3Department of Surgery, University Hospital, S-751 85 Uppsala, Sweden 
Purpose: To study possible differences in mechanical properties between central (abdominal aorta) and more peripheral 
(common carotid and common femoral) arteries validating an earlier non-invasive study in children showing that central 
arteries are more distensible than peripheral ones. As invasive blood pressure was needed, but ethically impossible to obtain 
in children in an experimental setting, an animal model was chosen. 
Design: Open experimental study. 
Setting: Animal laboratory at university hospital. 
Material and methods: The pulsatile vessel wall movements of the abdominal aorta (AA), common femoral (CFA) and 
common carotid (CCA) artery of nine sheep were examined using an ultrasound phase-locked echo-tracking technique. 
Intra-arterial blood pressure was measured and pressure-diameter relations, pressure strain elastic modulus (Ep) and 
stiffness (~) calculated. Distensibility was defined as the inverse of Ep and stiffness. 
Results: The AA showed lower values for Ep and stiffness (f) than the CFA (p = 0.002) and CCA (p = 0.006), i.e. the latter 
two vessels were stiffer. The pressure-diameter r lations confirmed these differences and showed anon-linearity for all three 
vessels with increased stiffness above 70-90 mm Hg. 
Conclusion: This study on young animals upports earlier findings of differences in mechanical properties between central 
and more peripheral arteries seen in healthy children. As pathologies between these vessels differ, with dilatation of the 
abdominal aorta and occlusive disease in the more peripheral vessels, part of the explanation might be found in the 
mechanical properties of the healthy vessels, characterised here with the echo-tracking technique. 
Key Words: Ultrasonic echo-tracking; Arterial blood pressure; Distensibility; Arteries. 
Introduction 
In man central arteries are predisposed to pathologic 
dilatation whereas the peripheral ones are more prone 
to occlusive disease. These pathologies, whether they 
are symptomatic ornot, increase with age. One reason 
for differences in pathology between major arteries 
may be diversified vascular wall structure making the 
vessels more or less susceptible to pressure and flow 
stresses. ~,2 
The vessel wall structure has a major influence on 
the mechanical properties of arteries and is considered 
to be one of the most important factors determining 
the vascular wall's response to the pulse wave. Both 
invasive and non-invasive methods for studying 
vessel wall mechanical properties are available. Non- 
invasive ultrasonic measurement of vessel diameter 
*Please address all correspondence to: Peter Mangell, Department of 
SurgerN Lund University, Malm6 University Hospital, S-205 02 
Malm6, Sweden. 
and its changes was first described by Arndt et al. 3 A 
phase-locked, echo-tracking system independent of 
echo amplitude was introduced by Hokanson et al., 4 
making recordings of small vessel wall movements 
possible. Imura et al. 5 and Kawasaki et al. 6 used this 
technique to calculate the pressure-strain elastic mod- 
ulus (Ep) and stiffness (t~) in major arteries in man. 
Other techniques being used are magnetic resonance 
imaging (MRI), 7 M mode ultrasonography, s angiog- 
raphy 9and electrical strain-gauge calliper applied to 
the surgically exposed vessel9 However, both MRI 
and M mode ultrasonography ave a lower resolution 
for vessel wall movements than the echo-tracking 
system (Lindstr6m K, personal communication, 1994). 
Angiography needs catheterisation and the use of 
contrast medium. Exposing vessels surgically may 
reduce distensibility by 10-20% compared to measure- 
ments through intact skin. 1~ Distensibility has been 
indirectly calculated from pulse wave velocity 12 but 
local vascular changes cannot be assessed by this 
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method because of the fact that wave reflection makes 
it difficult to calculate compliance in a specific 
artery. 
Thus, as noninvasive methods are preferable when 
studying vascular wall mechanics, phase-locked echo- 
tracking is advantageous. It is considered a reliable 
and reproducible method for measuring pulsatile 
diameter change 13'14 with an inter- and intraobserver 
variability of 10-15%. 25 In a study by L~nne et al. 1 of 
healthy children, Ep and stiffness (t~) of the common 
carotid artery (CCA) were found to be higher than in 
the abdominal aorta (AA). With ageing, however, Ep 
and stiffness (t~) increased to a greater extent in the 
AA. 
The aim of the present study was to obtain further 
information on possible differences in mechanical 
properties of central and peripheral healthy vessels. 
However, intra-arterial blood pressure measurement 
is needed to establish pressure/diameter r lations. As 
it is ethically impossible to measure blood pressure 
intra-arterially on children experimentally, we chose 
young sheep. The AA, common femoral artery (CFA) 
and CCA were chosen since in man pathologic 
dilatation is common in the AA whereas occlusive 
disease is predominant in the two latter vessels. 
Materials and Methods 
Materials 
Nine sheep, about 6 months old, with a mean weight 
of 28.5 kg (range 23-31.5 kg) were used for this study, 
which was approved by The Animal Ethics Commit- 
tee, Lund University, Anaesthesia was induced with 
2.5% thiopenthal-sodium (Pentothal® Natrium, Abbot 
Laboratories, North Chicago, Illinois, U.S.A.) and 
maintained with intermittent infusions of the same 
drug, combined with intermittent doses of xylazin- 
chlorid (Rompun® vet, Bayer AG, Leverkusen, Ger- 
many). After induction, the animals were intubated 
and ventilated with a Siemens-Elema respirator 
(model 900, Siemens Elema, Stockholm, Sweden) 
using a mixture of 30% oxygen and 70% N20. Ringer's 
solution was given at a rate of approximately 
80 ml/h. 
Methods 
Vessel diameter recording: The pulsatile diameter 
changes in the AA, CFA and left CCA were non- 
invasively monitored in each of the nine sheep, using 
an electronic echo-tracking instrument (Diamove, Tel- 
tec AB, Lund, Sweden), interfaced with a real-time 
ultrasound scanner (EUB-240, Hitatchi, Tokyo, 
Japan). ~6 This scanner was fitted with a 3.5 MHz linear 
transducer for measuring the AA and a 5 MHz 
transducer for measuring the CFA and CCA. The 
echo-tracking system has been described in detail 
earlier. 13 The instrument is equipped with dual echo- 
tracking loops which enable two separate choes from 
opposite vessel walls to be tracked simultaneously 
and the differential signals between them instanta- 
neously indicate any change in vessel diameter. The 
smallest detectable movement is 8/_tm 17 and the time 
resolution is about 1.2 ms. 
A data acquisition system and a 12-bit analogue to 
digital converter (Analogue Devices, Norwood, Mass, 
U.S.A.) were included for simultaneous monitoring of 
the vessel diameter, electrocardiogram (ECG) and 
intra-arterial blood pressure. The blood pressure 
values were sampled at the same rate as the 
diameter. 
The pressure strain elastic modulus (Ep) is is defined 
as  
P systolic - P diastolic 
Ep = 133.3 x (1) 
(D systolic- D diastolic) /D diastolic 
Ep is measured in N /m 2. 133.3 is the factor used to 
convert mm Hg to N /m 2 in the equation for Ep. 
Stiffness (t~) 6is defined as 
in (P systolic/P diastolic) 
= (2) 
(D systolic- D diastolic) /D diastolic 
In these equations P systolic and P diastolic are the 
maximum systolic and end-diastolic blood pressure 
levels. D systolic and D diastolic are the corresponding 
vessel diameters. 
As Ep is pressure-dependent due to the non-linear 
behaviour of the pressure/diameter r lation, 13 its use 
is somewhat limited. Hayashi et al. ~9 established a less 
pressure-dependent relation called stiffness (t~) based 
on the linearity between the logarithm of pressure 
ratio and strain in the physiological pressure range. It 
was later modified by Kawasaki et al. 6 to be used in 
vivo and may be a more useful index of arterial 
compliance than Ep. The less pressure-dependence of 
stiffness (tg) has been confirmed uring in vivo studies 
in man. 2° 
Distensibility is defined as the inverse of Ep and 
stiffness (t~). Both a structural variable (the intrinsic 
elasticity of the vessel wall) and a functional variable 
(mean arterial pressure) is included in this definition. 
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These two variables are necessary to include when 
measuring distensibility since it is not possible to 
correct it to a common mean arterial pressure. 
Blood pressure recording: With the sheep placed in the 
supine position, a small incision was made in the left 
groin. With Seldinger technique a 5 French arterial 
catheter was introduced into the CFA and advanced to 
a position in the AA 10 cm below the diaphragm. 
Placement was checked with ultrasound. The catheter 
was connected to a pressure monitoring kit (DTX with 
ROSE, Viggo, Spectramed, Oxnard, California, 
U.S.A.). This kit had been tested in our laboratory and 
was known to have dynamic characteristics overing 
the demands of the present study i.e. the band width 
was 35 Hz, well above the 12-20 Hz needed and the 
system had no narrowings, inducing damping. The 
pulsatfle diameter change was ultrasonically recorded 
1-1.5 cm proximal to the tip of the catheter. After three 
recordings of acceptable quaht~ the tip of the catheter 
was withdrawn into the CFA and placed approx- 
imately 10 cm proximal to the vascular incision. The 
diameter change was again recorded slightly proximal 
to the tip of the catheter. A small midline neck incision 
was then made and the left CCA identified distally. 
Again, with Seldinger technique a 20 gauge arterial 
catheter was introduced, placement checked with 
ultrasound and recordings of pulsatile changes in the 
ipsilateral side made in the same manner as men- 
tioned above. The recordings in the CFA and CCA 
were made at least 20 min after the introduction of the 
catheter into the vessel thus avoiding the risk of 
spasm or altered distensibility during registrations. 
Statistics 
The results are expressed as mean + S.D. Due to 
skewness the standard deviations of Ep and t~ are 
expressed in absolute values. For statistical compar- 
ison, analysis of variance (ANOVA) repeated esign 
was used for all individuals and then a pairwise 
comparison between the three groups (AA, CFA, 
CCA). p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were 
chosen as levels of significance. Data smoothing with 
the LOWESS (locall2Ylweighted regression scatter plot 
smoothing) method was used in Fig. 3. 
Results 
Figs. la-c show original recordings of the diameter 
and pressure curves from AA, CFA and CCA. There is 
a great similarity between these curves. The rapid 
increase in arterial pressure during early systole gives 
an equally rapid increase in vessel diameter. The 
systolic peak comes later in the AA (Fig. la) than in the 
CFA and CCA (Fig. lb and c). In early diastole the 
incisura representing closing of the aortic valves is 
dearly seen in the AA (Fig. la) and especially the CCA 
(Fig. lc). In all three vessels a dicrotic wave is seen 
during diastole. This represents reflections from vessel 
branch points, bifurcations and peripheral resistance 
vessels. An original pressure-diameter cu ve from one 
of the sheep's AA during a heart cycle is shown in Fig. 
2. Hysteresis is seen with a smaller diameter during 
expansion than during retraction. Similar curves were 
obtained for the CFA and CCA. 
Artificial pressure-diameter curves based on two 
recordings from each sheep and each vessel are shown 
in Fig. 3. The method for creating these curves has 
earlier been described. 22The P-D curves thus obtained 
show a curve linear relation in the AA with a more 
marked non-linearity in the CFA and CCA, flattening 
above 70-90 mm Hg. The AA is more distensible than 
the CFA and CCA. In order to standardise for the 
difference in diameter between the vessels, Fig. 4 
shows the relative diameter increase as a percentage of
the mean diastolic diameter in each group. The AA is 
still more distensible than the CFA and CCA. Fig. 5 
shows the stiffness (t~) in the AA, CFA and CCA. The 
AA has lower values (t~ = 6.4 [4.6-8.9]) than both the 
CFA (f~=11.7 [8.1-16.9] p=0.002) and the CCA 
(t~ = 13.6 [9.4-19.6] p = 0.006). There is, however, no 
significant difference between the CFA and CCA 
(p = 0.3). The mean values +S.D. of arterial blood 
pressure, vessel diameter, Ep and stiffness (t~) for three 
measurements at each location in the nine sheep are 
summarised in Table 1. 
Discussion 
In the present study the AA was significantly more 
distensible than both the CFA and CCA whereas there 
was no significant difference between CFA and CCA. 
This supports earlier findings of differences in 
mechanical properties between central and peripheral 
arteries een in young healthy children. 1By measur- 
ing vessel diameter changes and blood pressure the 
mechanical properties of a vessel can be characterised. 
For this we have chosen to use pressure strain elastic 
modulus (Ep) is and stiffness (t~), 6distensibility being 
defined as the inverse of these two indices. The 
method used for diameter measurement, hat is 
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Fig. 1. Original recordings of diameter curves and arterial pressure. (a) AA = abdominal aorta, (b) CFA = common femoral arter36 (c) 
CCA = common carotid artery. Note the similarity between the diameter curves obtained by the phase-locked echo-tracking technique and 
the pressure curves obtained by intra-arterial measurements• For further description see text. 
ultrasonic phase-locked echo-tracking, is well suited 
for investigating vessel wall movements of major 
arteries. ~3'14 It is noninvasive and has a good accuracy• 
When comparing diameter and blood pressure curves 
there are great similarities indicating the high resolu- 
tion of this technique. The small differences that do 
10.0  - 
;~ 9.8 
"C. 
9.6 
AA 
75 85 95 
Arterial  pressure (mmHg) 
Fig. 2. Original pressure/diameter curves of the abdominal aorta 
during one heart cycle in a sheep. Note the hysteresis, with a lower 
diameter at any pressure during systole as compared to diastole. 
exist between the two curves are due to the visco- 
elastic properties of the arterial wall, creating hyster- 
esis (Figs. la-c and 2). The variability of the technique 
used is small and the method is reliable for accurate 
measurement of pulsatile diameter change. ~s By using 
intra-arterial blood pressure measurement, pressure 
values at the vascular segment examined are obtained. 
The effect of puncturing the vessel is negligible. 11 
When comparing the AA, CFA and CCA with each 
other both similarities and differences are found in the 
shape of the pressure and diameter curves (Fig. 1a-c). 
The diameter increases rapidly in all three vessels due 
to a rapid increase in arterial pressure. The incisura, 
representing closure of the aortic valvesY is clearly 
visible in the AA and CCA. Because of the CFA being 
more distal to the heart, the incisura is damped and 
lost in the "noise" of propagating and reflecting 
waves. In all three vessels there is a clearly visible 
diastolic wave (Fig. 1). This represents, in all probabil- 
ity, reflections from vessel branch points, bifurcations 
14 23 and peripheral resistance vessels. ' As the distance 
to the reflection sites differ and the speed of the 
reflected waves varies in the vascular tree, the dia- 
stolic wave has a distinctive appearance in each 
vessel. 
Young humans as well as experimental nimals, 
such as the sheep, show alterations in shape of the 
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pressure and diameter curves in different arteries 14'24 
(Fig. 1). In man these alterations diminish with 
age. 14"24 This is due to age-related changes in vessel 
wall composition. The relative amount of collagen 
increases compared to elastin, 25"26 making the vessels 
stiffer and thereby changing the timing of the reflected 
wave. There are also indications that already at a 
young age central arteries stiffen quicker than periph- 
eral ones due to an increased tendency to degenera- 
tion of the vessel wall) 4 Further there is a sex 
dependent difference with stiffening starting later in 
females compared to males. 2° The walls of large 
arteries are built of elastin, collagen, smooth muscle 
cells and a non-fibrous glucosaminoglycan-rich 
matrix. 2s Of these components, elastin and collagen in 
the media are considered to be the main determinants 
of mechanical behaviour. 27 Elastin is load-bearing at 
low pressures and small distensions. 28"29 At higher 
pressures and increasing diameters, collagen grad- 
ually comes into play and both types of fibres become 
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Fig. 3. Pressure/diameter curves of the abdominal aorta ( - - ) ,  
common carotid artery ( . . . .  ) and common femoral artery ( ...... ). The 
more peripheral vessels show a lower inclination indicating less 
distensibility. For further description see text. 
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Fig. 4. This figure shows differences in pressure/diameter relations 
between the abdominal aorta ( - - ) ,  common carotid artery ( . . . .  ) and 
common femoral artery (.....). Increase in diameter with pressure is 
expressed as percentage of the increase of mean diastolic diameter 
in each vessel. The lower inclination indicates less distensibility in 
the two peripheral vessels. This is further emphasised with 
increasing blood pressure. 
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Fig. 5. Stiffness (fl) in the nine sheep. AA = abdominal aorta, 
CFA = common femoral arter3~ CCA = common carotid artery. 
responsible for the tension of the vessel wall. 29'3° The 
relation between elastin and collagen accounts for the 
slope of the pressure diameter curve (Figs. 3 and 4): 
with increasing intraluminal pressure lastin fibres are 
stretched and the more inextensible collagen fibres 
with an elastic modulus in vitro 100 to 1000 times that 
of elastin 27 are mobilised, limiting further distension. 
This mobilisation of collagen fibres is seen in the CFA 
and CCA where the slope of the pressure-diameter 
curve is changing already around 70-90 mm Hg. The 
change in slope indicates a higher proportion of 
collagen in these vessel walls, making them stiffer 
than the AA. This is confirmed by histological and 
chemical studies of the vessel walls in experimental 
animals. 31"32 The diversified vessel wall structures 
may be one factor explaining the differences in 
pathology between different vascular egions making 
the vessels more or less susceptible to pressure and 
flow stresses. 2 The role of smooth muscle in vascular 
tone is controversial and needs further analysis. 
Acivation of smooth muscle in vessel walls with a 
high amount of muscle fibres increases tiffness and 
hysteresis, but under dynamic conditions this is 
negligible. 25 
Studies by Wolinsky and Glagov have shown that 
the inner part of the media of the human abdominal 
aorta is avascular in contrast to other mammals. 3° 
They also found fewer lamellar elastic units than 
expected in relation to wall thickness. The estimated 
mean tension per lamella was therefore much higher 
in the human AA than in other species with vascu- 
larized aortic medias. This could be another etiologic 
factor in the degenerative changes of the aortic wall. 
Arteries dilate with age, the AA more than the CCA, 
creating increasing circumferential wall tension which 
may further accelerate the degenerative changes. 1 
In this study thiopental-sodium was used to induce 
and maintain anaesthesia, in combination with inter- 
mittent doses of xylazin-chlorid and a mixture of 
oxygen and N20. The effect of these substances on 
vascular tone is not well known, but it has previously 
been shown that alpha-adrenergic a tivation of aortic 
smooth muscle has no effect on pressure-diameter 
relations in anaesthetised sheep. 33 
Ep and stiffness (t~) were found to be significantly 
higher in the CFA and CCA as compared to the AA, 
that is the CFA and CCA were less distensible (Fig. 5 
and Table 1). This is consistent with observations in 
young humans ~ and dogs. 34 However, the values of 
Ep and stiffness (t~) are in general higher in sheep than 
in children. 1"22 This could be due to differences in 
species. In the three vessels examined no differences 
were found between systolic, diastolic and mean 
arterial pressure, respectively (Table 1). This excludes 
blood pressure as a factor determining different values 
for Ep and stiffness (g). Both wall thickness and vessel 
wall constituents determine the structural variable of 
Table 1. 
AP syst AP diast MAP D max D min D mean Ep 
(mmHg) (mmHg) (mmHg) (mm) (mm) (mm) (N/m2) [3 
AA 102_+21 80_+20 88_+20 11.0+1.6 10.5_+1.5 10.8+1.5 0.8 (0.5-1.3) 6.4 (4.6-8.9) 
CFA 105_+21 81-+22 89_+22 4.2_+0.6 4.1_+0.5 4.2+0.6 1.5 (0.9-2.5) 11.7 (8.1-16.9) 
CCA 100_+18 80_+19 86-+19 5.6+0.3 5.5+0.3 5.6_+0.3 1.6 (1.0-2.6) 13.6 (9.4-10.6) 
AA=abdominal orta, CFA=common femoral artery, CCA=common carotid arter3~ AP=arterial pressure, D=diameter, Ep=pressure strain 
elastic modulus, fi=stiffness. Epand [~ with standard eviation expressed in absolute values. 
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Ep and stiffness (t~). With the present method these 
factors cannot be separated and are included in the 
estimates of distensibility. 
In conclusion, this study on the regional differences 
in mechanical properties of arteries in sheep shows 
that the AA has a greater distensibility than the CFA 
and CCA, evident in lower values for Ep and stiffness 
(t~) as well as in the pressure-diameter r lation, 
supporting the findings from an earlier study in 
young healthy children. 1 This is probably due to 
differences in vessel wall structure, the CFA and CCA 
having a higher amount of collagen than the AA. 
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